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A B S T R A C T

We study the vortex dynamics in a nanocrystalline 420 nm thick δ-MoN film on Si (100). The film was grown at
room temperature by reactive sputtering and following it is crystallized by thermal annealing at 973 K for
one hour. The microstructure shows grains with sizes between 30 nm and 65 nm. The film displays a Tc of 11.2 K.
The magnetic field dependence of the critical current density Jc at intermediate and low fields (related to the
upper critical field) displays a power-law regime. The self-field Jc at 4.5 K is ≈2MA cm−2. The pinning force Fp
exhibits a maximum at h≈ 0.3, which is in agreement with vortex pinning produced by grain boundaries. An
Anderson-Kim mechanism describes the temperature dependence of the flux creep rates. The U0 values range
from ≈2500 K for μ0H=0.02 T to ≈1300 K for μ0H=0.5 T.

1. Introduction

The most relevant technological applications of superconducting
transition metal nitride thin films are radiation detectors and Josephson
tunnel junctions [1,2]. Other less explored potential applications are
related to current-carrying capability. Superconducting metal nitrides
are chemically compatible with carbon-based structures, which allow
improving vortex pinning [3,4] and facilitate the synthesis of thin films
in light supports [5]. The δ-MoN phase displays superconducting cri-
tical temperatures Tc up 12 K [6]. In the superconducting dirty limit,
the upper critical fields Hc2 can be enhanced to values up 10 T (with
weak crystalline anisotropy) [7,8]. δ-MoN thin films have been sintered
by chemical [9,10] and physical methods [11]. The Tc in nanocrystal-
line samples is close to the bulk value, which simplifies the synthesis on
polycrystalline substrates [11].

There are no reports related to vortex pinning in molybdenum ni-
tride thin films. Most studies refer to NbN [12–14]. The vortex dy-
namics in a superconducting material is determined by intrinsic vortex
fluctuations and by the geometry and density of the pinning centers

[15]. The strength of vortex fluctuations is related to the Ginzburg
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thermodynamic critical field and the coherence length at T=0K). The
δ-MoN phase in the dirty limit is a material with Gi≈ 1×10−5 –
1×10−6 (Tc=12 K, λ≈ 300–400 nm, ξ (0)= 6–7 nm and γ≈ 1
[7,11]), which places it between conventional low temperature super-
conductors LTS (Gi≈ 1×10−8) and high temperature (HTS) and iron-
based (IBS) superconductors (Gi≈ 1×10−5 – Gi≈ 10−2). LTS present
low vortex relaxation rates as consequence of pinning energies of
thousands of Kelvins (described by Anderson-Kim [16]). The increment
of the thermal fluctuations in HTS and IBS reduces considerably U (tens
to hundreds of Kelvins), which rises considerably the flux creep rates
(described by the collective pinning theory [15]). In this context, the
study of the in-field dependence of Jc in δ-MoN thin films provides
information about the vortex dynamics in superconducting metal ni-
trides with Gi intermediate between LTS and HTS and IBS.

In this article, we study the vortex dynamics in a 420 nm thick δ-
MoN film on (100) Si. The film was grown at room temperature by
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using reactive sputtering and crystallized at 973 K for one hour in va-
cuum [11]. After annealing, the film displays δ-MoN phase with grain
size D≈ 30–65 nm. The self-field Jc at 4.5 K is≈2MA cm−2. The in-
field dependence of Jc at intermediate and low fields (related to the
upper critical field) displays a power-law regime. The pinning force Fp
displays a maximum at h=H/Hirr≈ 0.3, which can be related to vortex
pinning produced by grain boundaries. Low flux creep rates, described
by an Anderson-Kim mechanism, are observed.

2. Material and methods

MoN films were deposited on Si(100) substrates by reactive mag-
netron sputtering using an N2/(Ar + N2)= 0.5 mixture without any
intentional heating of the substrate [11]. The residual pressure of the

chamber was less than 5× 10−7 Torr. Ultra-high purity Ar (99.999%)
and N2 (99.999%) were used as gas sources. During deposition, the
target to substrate distance was ∼5.5 cm with 50W. The total pressure
at the chamber was 5 mTorr. The deposition rate was ≈17 nm/min.
Thermal annealing was performed in vacuum (to avoid surface con-
tamination) with a residual pressure of 10−5 Torr at 973 K during one
hour. During thermal annealing, the film was enveloped in a tantalum
foil. The results correspond to a 420 nm thick MoN film.

The magnetization (M) measurements were performed by using a
superconducting quantum interference device (SQUID) magnetometer
with the applied magnetic field (H) perpendicular to the surface of the
film (H⊥S). The Tc value (based on magnetization data) was determined
from M (T) at μ0H=0.15mT applied after zero-field cooled (ZFC). The
Jc values were calculated from the magnetization data using the ap-
propriate geometrical factor in the Bean Model. For H perpendicular to
the surface, , where ΔM is the difference in magnetization between the
top and bottom branches of the hysteresis loop (length l > width w).
The creep rate measurements were recorded for periods of time of one
hour. The initial time was adjusted considering the best correlation
factor in the log-log fitting of the Jc (t) dependence. The initial critical
state for each creep measurement was generated using ΔH∼ 4H∗,

Fig. 1. a) X-ray diffraction pattern of a 420 nm thick MoN thin film after an-
nealing at 973 K for one hour. b) Deconvolution of the 200 reflection con-
sidering Cu Kα1 and Cu Kα2. (*) corresponds to an unidentified peak. c) Cross-
section scanning electron microscope image of the film.

Fig. 2. a) Temperature dependence of magnetization with μ0H=0.15mT. The
measurement was performed with H perpendicular to the surface. b)
Temperature dependence of the electrical resistivity. Inset of the figure denotes
the methodology to determine Tc.
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where H∗ is the field for full-flux penetration [17].
X-ray diffraction (XRD) patterns were obtained with a Panalitical

Empyrean equipment. The electrical transport measurements were
performed using the standard four-point configuration.

Fig. 3. a) Magnetization vs. magnetic field (H) at different temperatures (1.8 K,
3.5 K, 4.5 K, and 7.5 K). b) Critical current density (Jc) vs H. c) Normalized
pinning force (Fp) versus normalized magnetic field [h=H/Hirr(T)]. All the
measurement were performed with H applied perpendicular to the surface.

Fig. 4. a) Creep rate (S) versus temperature (T) with μ0H=0.02 T, 0.05 T,
0.1 T, 0.3 and 0.5 T. Solid lines denote the slope. Inset shows a typical curve of
magnetization vs time. All the measurement were performed with H applied
perpendicular to the surface. b) Magnetic field dependence of the flux activation
energy U0.

Fig. 5. Magnetic phase diagram for nanocrystalline δ-MoN thin films.
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3. Results and discussion

The crystallization of δ-MoN after thermal annealing was confirmed
by XRD (see Fig. 1a). The lattice parameters calculated from the (200)
and (202) diffraction peaks, are a=0.571 (2) nm and c=0.562 (2)
nm. The grain size D was estimated from the Scherrer equation (see
Fig. 1b). The D value depends on the reflection being ≈65 nm and
≈30 nm for the (200) and (202) reflections, respectively. Fig. 1c shows
a cross-section SEM image. The film thickness is uniform. The image
reveals the presence of nanometric grains, which is in agreement with
the Scherrer estimation. There are no features that can be related to
columnar structures (sources of correlated vortex pinning).

Fig. 2a shows the temperature dependence of the magnetization
(normalized at 4.5 K) under μ0H=0.15mT after ZFC. The Tc value
obtained at the onset of the magnetization is≈ 10.6 K. Fig. 2b shows
the temperature dependence of the resistivity. The MoN film shows a
characteristic metallic-like behavior with a residual-resistivity ratio
(RRR= R300K/R12 K)= 1.6. As shown in the inset of Fig. Fig. 2b, the
onset of the superconductivity takes place at Tc of 11.2 K with a tran-
sition width of≈0.5 K. The end of the transition is at 10.7 K, which is in
agreement with the magnetization data.

Fig. 3a shows magnetic hysteresis loops at 1.8 K, 3.5 K, 4.5 K and
7.5 K. The M (H) at 4.5 K and 7.5 K decreases monotonically with the
field. At 1.8 K and 3.5 K, however, the M (H) dependences display ir-
regularities at low fields, as is characteristic of flux jumps. Fig. 3b shows
the field dependence of Jc obtained from the Bean critical state model.
The values for 1.8 K and 3.5 K at low fields (affected by flux jumps) are
not included. The JcH→0 at 4.5 K is close to 2MA cm−2. The Jc (H)
curves present two clear regimes. At low and intermediate fields the
data is described by a power-law regime Jc (H)∝H−α [18]. At high
fields, Jc drops quickly, which is usually related to high flux creep rates
[19]. The single vortex regime, usually observed as JcH→0≈ constant is
not observed [18]. The α value at the different temperatures is≈ 0.41.
The α value depends on the material and of the type of pinning centers.
IBS single crystals with random point disorder and normal inclusions
show a α≈ 0.47 [20]. HTS display an α which ranges from 0.55 for
nanoparticles to 0.2 for columnar structures [18,19]. The pinning me-
chanism can be analyzed by the pinning force (FP= Jc H). The Fp(H, T)
is scaled as ∝ vs hF

F
p

p
max (with h=H/Hirr(T)) [21]. Fig. 3c shows the

F F/p p
max versus h at different temperatures. The curves are similar with a

maximum close to h≈ 0.3. This value is in the middle of the expecta-
tions for random disorder (0.33) and normal inclusions (0.2) [20].
Considering that the δ-MoN film displays a polycrystalline structure
with grain sizes of a few nanometers, it is necessary to contemplate the
grain boundaries as a source of pinning [22]. The pinning force con-
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where k= λ/ξ. In this model the position of the maximum in F F/p p
max

versus h depends on the grain size D. The experimental data with
h≈ 0.3 is well described using a D=20–30 nm (see Fig. 3c). Larger D
values in Eq. (1) shift the maximum to lower h [22].

The vortex dynamics was characterized by performing magnetic
relaxation measurements. Fig. 4a shows the temperature dependence of
the flux creep rate = −S dlnJ

dlnt
c for different H. Measurements at

μ0H > 0.5 T were not performed because the magnetic signal decreases
abruptly with the field, and it becomes quite small (most data for
T > 4.5 K is above the end of the power-law regime). At low tem-
peratures the S values change linearly with the temperature, and this

can be described by an Anderson-Kim model with S= T/U0 (with U0 is
the pinning energy barrier) [16]. The Jc(t) dependence varies loga-

rithmically as = ⎡
⎣

− ⎤
⎦( ) ( )J t J( ) (0) 1 lnT

U
t
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(with t0 an effective hop-

ping attempt time). Fig. 5b shows the U0 (H) dependence. The U0 values
range between 2500 K at μ0H=0.02 T and 1300 K at μ0H=0.5 T. A
rough estimate of the pinning energy, considering the condensation
energy within a coherence volume is given by =U H π πξ( /8 )c0

4
3

3 [23]
Using the values λ=300–400 nm for the penetration depth and
ξ=7nm for the coherence length [11] at T=0 gives
U0≈ 500–1000 K, which is of the same order found in our experimental
data. Following Thompson et al. [23], we fit the data using the equation

= − ∗( )U AB 1γ B
B

δ
0 (with B* the Hirr). The exponents γ and δ corre-

spond to the variation due to the reduction of Jc (similar to Fig. 3c) and
the suppression of the superconducting properties with the field, re-
spectively. The fit, fixing B*=7T [11] and δ=2 (in agreement with
the pinning force), gives A=5300 K and γ=−0.14. A similar para-
bolic behavior has been previously observed in NbSe2 and MgB2 [24],
and IBS [25]. In our data, the fast decay of U0 at fields above 0.5 T is
directly related to the Jc (H) dependences and the end of the power-law
regime (at fields much smaller than Hirr).

Fig. 5 shows the H-T phase diagram for nanocrystalline δ-MoN thin
films. The Hc2 and Hirr values using electrical transport are included
[11]. The Hirr (T) obtained by magnetization is significantly smaller
than the transport one, which can be related with the low sensitivity of
the magnetization to small screening currents. The power-law regime,
which is a signature of small flux relaxation rates, is extended to
≈1 T at 1.8 K and decrease significantly to ≈0.5 T at 4.5 K. The vortex
lattice constant a0 for B=1T corresponds to inter-vortex distances of
≈49 nm, which is similar to the grain size scale.

4. Conclusions

We study the vortex dynamics in nanocrystalline δ-MoN thin films.
The microstructure displays grains with sizes between 30 nm and
65 nm. The self-field Jc at 4.5 K is≈ 2MA cm−2. The magnetic field
dependence of Jc at intermediate and low fields (related to the upper
critical field) displays a power-law regime with α=0.41. The Fp (h)
displays a maximum at h≈ 0.3, which can be related to vortex pinning
produced by grain boundaries. The vortex dynamics is governed by
simple Anderson-Kim mechanism. The U0 values range from ≈2500 K
for μ0H=0.02 T to ≈1300 K for μ0H=0.5 T.
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